In the present research, a nonenzymatic glucose biosensor was fabricated by depositing Ag nanoparticles (Ag-NPs) using in situ chemical reduction method on TiO 2 nanotubes which were synthesized by anodic oxidation process. The structure, morphology, and mechanical behaviors of electrode were examined by scanning electron microscopy and nanoindentation. It was found that Ag-NPs remained both inside and outside of TiO 2 nanotubes whose length and diameter were about 1.2 m and 120 nm. The composition was constructed as an electrode of nonenzymatic biosensor for glucose oxidation. The electrocatalytic properties of the prepared electrodes for glucose oxidation were investigated by cyclic voltammetry (CVs) and differential pulse voltammetry (DPV). Compared with bare TiO 2 and Ag-fresh TiO 2 nanotube, Ag-TiO 2 /(500 ∘ C) nanotube exhibited the best electrochemical properties from cyclic voltammetry (CVs) results. Differential pulse voltammetry (DPV) results showed that, at +0.03 V, the sensitivity of the electrode to glucose oxidation was 3.69 mA * cm −2 * mM −1 with a linear range from 20 mM to 190 mM and detection limit of 24 M (signal-to-voice ratio of 3). In addition the nonenzymatic glucose sensors exhibited excellent selectivity, stability, and repeatability.
Introduction
The blood glucose detection is of great significance in the application of food process, clinical medicine, and biology [1] [2] [3] . In particular accurate glucose determination for diabetics can be very effective to the detection and treatment of diabetes mellitus [4] . The glucose oxidase (GOD) analytical method is the first and most commonly used way for glucose detection in clinical trials [5, 6] . However, the entity of GOD is enzyme which is easily inactive and denatured, resulting in poor stability and repeatability of enzymatic electrodes [7, 8] .
Nonenzymatic glucose biosensors can avoid that problem because of direct catalyzed oxidation to glucose on the surface of electrode [9] [10] [11] . In order to increase specific surface areas and enhance mass transport ability, these electrodes could use nanomaterials as substrates like carbon nanotubes (CNTs) [12] , nanowires [13] , mesoporous structure [14] , and so forth and decorate with mental nanoparticles such as Pt [15] , Ni [16] , Ag [17] , and Cu [18] .
TiO 2 nanotube has been paid more and more attention in chemical reactions and biosensor fields because of their well-aligned nanostructure, large surface area property, thermal stability, chemical inertness, and nontoxicity [19, 20] . Recently, silver doped TiO 2 nanocomposite structures have attracted much attention not only because TiO 2 is a promising material with desirable electronic, but also because Ag displays some unique activities in chemical and biological sensing compared with the other noble metals such as Ru and Pt [19] . However, the electrocatalytic activity of Ag doped TiO 2 nanotubes has not been subjected to intensive report.
Many approaches were developed to fabricate different sizes of Ag doped TiO 2 nanotubes such as sol-gel, "wet" chemical, and ceramic methods. However, drying, heating, or annealing at high temperatures is revolved in the preparation process [21, 22] . In order to modify the TiO 2 nanotubes by Ag nanoparticles, a polyol method at low temperature has been developed. The polyol process was that using polyol such as diethylene glycol [23] and glycerol [24] both as 2 Journal of Nanotechnology solvent and reducing agent during reaction which can be conduce to the formation of nanostructures. The Ag + ions from silver nitrate (AgNO 3 ) can be reduced to metallic Ag. The Ag nanoparticles were deposited successfully on the surface of TiO 2 . Moreover the specific surface area will be hugely increased by silver nanoparticles deposited on TiO 2 nanotubes. So TiO 2 nanotubes decorated with silver nanoparticles possess distinct advantages for nonenzymatic glucose sensors.
In this work, the Ag nanoparticles were deposited successfully on the surface of TiO 2 by polyol process. Scanning electron microscope (SEM) and nanoindentation were used for characterization. Furthermore, the electrocatalytic activity of the Ag-TiO 2 electrode was also evaluated by cyclic voltammetry (CVs) and differential pulse voltammetry (DPV). 
Experimental

Apparatus.
All the electrochemical measurements were performed on a CH instrument 660E electrochemical workstation (ChenHua Instruments Co. Ltd., Shanghai, China). Scanning electron microscope (FE−SEM, Hitachi S−4800) was used to determine the morphology and composition of the samples. Nanoindentation (NanoIndenter G200, USA) was used to determine the mechanical properties. All measurements were conducted at room temperature.
Synthesis of
2 Nanotube Arrays on Ti Substrate. Before use, the titanium foils were polished with abrasive paper of 400#, 600#, and 800# until the surfaces were smooth and remained with no scratch and then ultrasonically cleaned in alcohol and double distilled water for 10 min, respectively, and dried in air eventually. Then, titanium sheets were used as the substrate electrode with Pt electrodes as cathode. Samples were anodized in water/glycerol (1 : 1 Vol.%) mixtures containing 0.3 M NH 4 F at a potential of 30 V for 3 h. Finally, the as-prepared TiO 2 nanotube electrode was annealed at 500 ∘ C (10 ∘ C/min) under nitrogen atmosphere for 2 h.
Preparation of Ag Nanoparticles on
2 Nanotubes. Ag nanoparticles on TiO 2 nanotubes were prepared by the following process. Firstly, 1 mL AgNO 3 (0.04 M) was mixed with 10 mL PVP (0.01 M) and stirred with ice-bath after adding 50 mL water to the solution. Then, 1 mL NaHB 4 (0.06 M) was dropped quickly into the solution with colour turning brown, by stirring for 10 min. At last, the above-prepared TiO 2 nanotubes (500 ∘ C) were entirely immersed in this electrolyte under static conditions for 7 h and subsequently rinsed with double stilled water and air-dried and then Ag-TiO 2 /(500 ∘ C) was obtained.
Characterization of Electrocatalytic Properties of Ag-
2 Nanotube Electrode. The electrochemical measurements were carried out with a conventional three-electrode system. The prepared electrode (TiO 2 , Ag-TiO 2 and AgTiO 2 /(500 ∘ C)) was used as a working electrode with a platinum electrode as an auxiliary electrode and a saturated calomel electrode (SCE) as a reference electrode in all cases. ∘ C, the Ag nanoparticles were deposited on them under the same method (see Figure 1(c) ). Some Ag nanoparticles were dispersed on the pore openings and showed a distribution that is more dense than that in Figure 1 (b), while some were deposited into the nanotubes, as indicated by the arrow. It can be presumed that the nanotubes annealed at 500 ∘ C facilitate the Ag formation on the tube surface, and the electrocatalytic properties were also improved as discussed later.
Results and Discussions
Nanoindentation Properties.
In recent years nanoindentation technology has been widely used to measure the hardness and elasticity modulus of medical materials, especially in implants devices [25] . The description of the samples' (TiO 2 , Ag-fresh TiO 2 and Ag-TiO 2 /(500 ∘ C) nanotube) nanomechanical characterization was provided. As observed in Figure 2 , the displacement of Ag-TiO 2 /(500 ∘ C) nanotubes was the shortest and TiO 2 nanotubes were the longest when loan was selected the same. It was easy to figure out Ag-TiO 2 /(500 ∘ C) nanotubes were the hardest and the reason could be ascribed to two aspects. Compared with nonannealed sample, the higher hardness observed for AgTiO 2 /(500 ∘ C) nanotubes can be due to the higher hardness of anatase and rutile phases for annealed samples at 500 ∘ C. The hardness results obtained for nonannealed sample and annealed sample were similar to those stated in earlier studies [26] . In addition, it may be ascribed to the deposition of Ag nanoparticles. Both inside and outside of nanotubes were attached with Ag-NPs which densified empty space, resulting in fixed enhancement of hardness.
Electrocatalytic Oxidation of Glucose on the Prepared Electrodes.
CVs were used to investigate the catalytic activities of the Ag-TiO 2 /(500 ∘ C) electrode. Figure 3 showed CVs of Journal of Nanotechnology the as-formed TiO 2 nanotube, Ag-fresh TiO 2 nanotube, and Ag-TiO 2 /(500 ∘ C) nanotube electrode in the presence and absence of 0.5 M glucose supported by 0.1 M neutral PBS, respectively. Almost no current increase of TiO 2 and Ag-TiO 2 nanotubes with glucose addition from Figures 3(a) and 3(b) was observed, which demonstrated that the TiO 2 nanotubes and Ag-TiO 2 nanotubes electrode exhibited no electrocatalytic oxidation activity to glucose while Ag-TiO 2 /(500 ∘ C) electrode displayed a pair of redox peaks with the anodic and cathodic peak potential positioned at +0.03 V and −0.3 V from Figure 3 (c), which can be ascribed to the oxidation of glucose, indicating that the Ag-TiO 2 /(500 ∘ C) electrode possessed strong catalytic activity towards glucose. There were two possible explanations for this result. The first possibility was relatively weak adherence of Ag nanoparticles onto the nonannealed nanotubular surfaces. The other possibility was that a small amount of silver titanates were obtained by depositing Ag nanoparticles on the TiO 2 /500 ∘ C nanotubes, which indicated that the Ag can not only be deposited but also be doped in the TiO 2 nanotubes. The crystal structure distortion increased state density of Ag-TiO 2 /500 ∘ C coating, facilitating the migration of charge carriers, and enhanced catalytic activity [19] . Figure 4 showed CVs of Ag-TiO 2 /(500 ∘ C) nanotube electrode in 0.5 M glucose supported by 0.1 M neutral PBS, 0.1 M H 2 SO 4 , and 0.1 M NaOH. As observed in Figure 4 , compared with CVs in 0.1 M H 2 SO 4 and 0.1 M NaOH, CVs of Ag-TiO 2 /(500 ∘ C) nanotube electrode in PBS exhibited two oxidation peaks related to the oxidation of glucose, which indicated excellent electrochemical behavior. usual interfering ion which was preferentially absorbed on the surface of electrodes, resulting in toxicosis and losing electrocatalytic property. As observed in Figure 5 , in the blank PBS solution, CVs were characterized by hydrogen adsorption/desorption peaks at negative potentials and a flat double layer region at positive potentials. After 0.5 M glucose was added, an obvious redox peak appeared from −0.3 V to +0.03 V, proving excellent electrocatalytic oxidation ability, whereas in the presence of chloride ions, when Cl ions were dropped into the solution, the redox peak vanished and the oxidation of glucose was suppressed, which could be attributed to the adsorbing of Cl − preferentially compared with glucose.
According to the adsorption theory proposed by Wang et al. [27] , it could be deduced that when there were no Cl ions in the solution, glucose molecules would adsorb on the surface of Ag-TiO 2 /(500 ∘ C) nanotube electrode in the first place, forming glucose intermediates. During the potential scanned from −0.3 V to +0.03 V gradually, the intermediates were oxidized leading to current increasing. When potential was over +0.03 V, the oxidized intermediates were absorbed on the surface, covering the active sites of electrode and decreasing current. When large amounts of chloride ions were present, the poisoning AgTiO 2 /(500 ∘ C) nanotube electrode showed no electrocatalytic properties.
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Amperometric Performance of Ag-
2 /(500 ∘ C) Nanotube Electrode to Glucose Oxidation. Differential pulse voltammetry (DPV) was used to determine the sensor outputs at different glucose concentrations. Figure 6 presented the relationship between currents and variation concentrations of glucose. The prepared electrode exhibited linearity for glucose sensing that ranged from 20 mM to 190 mM with a correlation coefficient of 0.9993. The electrode sensitivity calculated from the slope of the calibration curve was 3.69 mA * cm −2 * mM −1 with the detection limit of 24 M. Ascorbic acid (AA), uric acid (UA), sucrose, fructose, dopamine, ethanol, and acetaminophen (AAP) were the commonly interfering biomolecules which coexist with glucose in the human blood. To evaluate the selectivity of the Ag-TiO 2 /(500 ∘ C) nanotube electrode, the current responses to ethanol, fructose, and AAP were examined. As shown in Figure 7 , it was observed that the response signals of ethanol, fructose, and AAP were negligible for glucose determination. The good selectivity of the nonenzymatic sensor was related to the proper working potential used.
The reproducibility and stability of response current of the Ag-TiO 2 /(500 ∘ C) nanotube electrode were studied. The amperometric response of 10 different Ag-TiO 2 /(500 ∘ C) nanotube electrodes to 1.0 mM glucose was tested independently. As shown in Figure 8 , the relative standard deviation (RSD) was 1.5% for 10 successive measurements, revealing that the Time (day) Figure 9 : Current response of the Ag-TiO 2 (500 ∘ C) nanotube electrode to 10 mM glucose after storing for different days. preparation method was acceptably reproducible. The longterm stability was explored by measuring a glucose solution, and the electrode was stored at room temperature. Figure 9 showed that the response current maintained about 92% of the initial value after 30 days, demonstrating the good stability of the Ag-TiO 2 /(500 ∘ C) nanotube electrode based nonenzymatic glucose biosensor.
Conclusions
In this work, a simple and effective way to prepare Ag nanoparticles deposited on the surface of TiO 2 nanotube was developed. The Ag deposited and annealing processes made TiO 2 nanotube harder which was conducive to the application of tough condition. The electrochemical results demonstrated that the prepared Ag-TiO 2 /(500 ∘ C) nanotube electrode possessed excellent electrocatalytic performance. The constructed nonenzymatic glucose biosensor exhibited good selectivity, stability, and reproducibility. Because of the simple preparation method and good catalytic performance, such material has potential application in catalysis and sensor areas.
